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Abstract
Background: Neuropeptides are key players in information transfer and act as important regulators of
development, growth, metabolism, and reproduction within multi-cellular animal organisms (Metazoa). These short
protein-like substances show a high degree of structural variability and are recognized as the most diverse group of
messenger molecules. We used transcriptome sequences from the 1KITE (1K Insect Transcriptome Evolution) project
to search for neuropeptide coding sequences in 24 species from the non-pterygote hexapod lineages Protura
(coneheads), Collembola (springtails), Diplura (two-pronged bristletails), Archaeognatha (jumping bristletails), and
Zygentoma (silverfish and firebrats), which are often referred to as “basal” hexapods. Phylogenetically, Protura,
Collembola, Diplura, and Archaeognatha are currently placed between Remipedia and Pterygota (winged insects);
Zygentoma is the sistergroup of Pterygota. The Remipedia are assumed to be among the closest relatives of all
hexapods and belong to the crustaceans.
Results: We identified neuropeptide precursor sequences within whole-body transcriptome data from these five
hexapod groups and complemented this dataset with homologous sequences from three crustaceans (including
Daphnia pulex), three myriapods, and the fruit fly Drosophila melanogaster. Our results indicate that the reported
loss of several neuropeptide genes in a number of winged insects, particularly holometabolous insects, is a trend
that has occurred within Pterygota. The neuropeptide precursor sequences of the non-pterygote hexapods show
numerous amino acid substitutions, gene duplications, variants following alternative splicing, and numbers of
paracopies. Nevertheless, most of these features fall within the range of variation known from pterygote insects.
However, the capa/pyrokinin genes of non-pterygote hexapods provide an interesting example of rapid evolution,
including duplication of a neuropeptide gene encoding different ligands.
Conclusions: Our findings delineate a basic pattern of neuropeptide sequences that existed before lineage-specific
developments occurred during the evolution of pterygote insects.
Keywords: Neuropeptides, Transcriptome, Archaeognatha, Collembola, Crustacea, Diplura, Myriapoda, Protura,
Remipedia, Zygentoma
Background
Insects diverged more than 440 mya [1] and are cur-
rently the most speciose animal group, with numerous
ecologically and economically important lineages. Know-
ledge about insect diversity, including particular physio-
logical adaptations and life histories, is essential for the
development of novel strategies to control pest species
as well as medically important vectors without destabil-
izing or destroying complete ecosystems. One of the key
players in information transfer, acting as important regu-
lators of development, growth and reproduction within
Metazoa, are the neuropeptides. They represent the
most diverse group of messenger molecules with regard
to numbers and primary structures. Ongoing genome
and transcriptome projects and an increasing number of
studies identifying processed insect neuropeptides
through mass spectrometry are providing comprehensive
data to elucidate trends in the evolution of neuropep-
tides. Thus, ancient and conserved sequences can be dis-
criminated from derived sequence substitutions that
mostly occur only in single insect lineages.
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Thorough peptidomic analyses of mature neuropep-
tides are mainly limited to species for which complete
genome data are available. In most cases, these species
serve as model organisms, often represented by holome-
tabolous insects (e.g., Diptera: Drosophila melanogaster
[2–4], Coleoptera: Tribolium castaneum [5], Hymenop-
tera: Apis mellifera [6]). Among larger polyneopterans in
particular, such as locusts and cockroaches, and medic-
ally important heteropterans (e.g., Rhodnius prolixus),
neuropeptides have been identified and analyzed via
mass spectrometry prior to genome sequencing [7–10].
However, nearly nothing is known about the neuropep-
tides of the non-pterygote hexapods, which comprise the
entognathous Protura (coneheads), Collembola (spring-
tails), and Diplura (two-pronged bristletails) as well as
the ectognathous Archaeognatha (bristletails) and Zygen-
toma (silverfishs and firebrats). Only a first compilation of
the neuropeptide precursors of Acerentomon sp. (Protura)
using data from 1KITE has been recently published [11].
We employed sequences from transcriptome shotgun
assemblies from 1KITE (www.1kite.org) to search for
neuropeptide-containing precursor sequences in 24 spe-
cies from all major groups of non-pterygote hexapods
(Protura, Collembola, Diplura, Archaeognatha, Zygen-
toma). Inferred phylogenetic relationships among these
hexapod lineages and their positions within the arthro-
pods were derived from transcript libraries ([1], see
Fig. 1). The neuropeptide precursor sequences from the
non-pterygote hexapods were then complemented with
homologous sequences from the transcripts of two crus-
taceans and three myriapods (transcript libraries from
1KITE) and from the genomes of the water flea Daphnia
pulex (Branchiopoda, crustacean) and the fruit fly D.
melanogaster (Diptera). The genomes of D. pulex and D.
melanogaster have previously been screened for neuro-
peptide genes and their encoded precursors. Mature
neuropeptides from these species have been confirmed
via mass spectrometry (e.g., [2–4, 12]) and provided
reference points for the assignment of putative mature
peptides from non-pterygote hexapods. Since several
database entries, particularly those for D. pulex, con-
tained doubtful submissions, we here provide an up-
dated list for these species. Considering the results for
all of the compared species, we assigned more than
1,300 neuropeptide/protein hormone precursors to 39
neuropeptide or protein hormone genes. Specific fea-
tures, such as distinctive sequence motifs, numbers
of paracopies, gene duplications and the occurrence
of splice variants, clustered within the well-described
systematic groups Protura, Collembola, Diplura,
Archaeognatha, and Zygentoma. Our data provide
the first comprehensive overview of the neuropeptide
complement of the non-pterygote hexapods and
therefore allow a reasonable estimation of the basic
pattern that existed before lineage-specific develop-
ments occurred in the pterygote insects.
Fig. 1 Simplified topology of the phylogenetic relationships among non-pterygote hexapods and arthropod outgroup taxa; modified from [1]
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Results and discussion
The transcriptome data analyzed herein were generally
of high quality, with a sequencing depth of 2.5 Gbases of
raw sequence reads per species, as illustrated by com-
parison of the number of neuropeptide precursors de-
duced from recently published Remipedia EST data (11
precursors, [13, 14]) and those deduced in this study
from the 1KITE transcriptome assemblies (24 precur-
sors). Ongoing peptidomic analyses of neuropeptides
found in the American cockroach (Periplaneta ameri-
cana) and firebrat (Thermobia domestica) (S Neupert, M
Bläser, R Predel; unpublished results), also using data
from 1KITE, did not reveal any obvious sequence errors
within mature peptide sequences. We corrected few
obvious errors in the dataset analyzed in this study
(frameshifts in sequences or in-frame stop codons) if se-
quencing errors were considered to be more likely than
the true occurrence of non-functional genes. These cor-
rections are indicated in our datasets and the original
GenBank data remained unchanged.
We screened the assembled transcript libraries for the
following neuropeptide-containing precursors: adipoki-
netic hormone/corazonin-related peptide (ACP), adipo-
kinetic hormone (AKH), FGLamide allatostatin (AST-A),
allatostatin C and CC (AST-C, AST-CC), allatotropin
(AT), CAPA, crustacean cardioactive peptide (CCAP),
CCHamide1 (CCHa1), CCHamide2 (CCHa2), corazonin,
CNMamide (CNMa), corticotropin-releasing factor-
related diuretic hormone (CRF-DH), calcitonin-related
diuretic hormone (CT-DH), elevenin, ecdysis-triggering
hormone (ETH), extended FMRFamide (FMRFa), inoto-
cin, insect kinin, ion transport peptide (ITP), myoinhibi-
tory peptide (MIP/AST-B), myosuppressin (MS), natalisin,
neuropeptide F (NPF), neuropeptide-like precursor1
(NPLP1), orcokinin and orcomyotropin (orcokinin A,
B), pigment-dispersing factor (PDF), proctolin, pyroki-
nin/pheromone biosynthesis activating neuropeptide
(PK/PBAN), RYamide (RYa), SIFamide (SIFa), EFLa-
mide (EFLa), sulfakinin (SK), short neuropeptide F
(sNPF), tachykinin-related peptide (TKRP), and trissin.
For most of the neuropeptides that we searched for
in this study, the corresponding G-protein-coupled re-
ceptors are known from insects [15–17]. For the
NPLP1 peptides, a membrane-bound guanylate cyclase
has been described as a receptor in D. melanogaster
[18]. Receptors for the mature products of the orcokinin,
elevenin, and EFLa precursors are hitherto unknown. In
addition to the aforementioned neuropeptide-containing
precursors, we searched the transcript assemblies for the
presence of cysteine-rich hormone-encoding precursors of
bursicon-α, bursicon-β, and eclosion hormone (EH). The
biological functions of neuropeptides and protein hor-
mones, where available, have been explained in detail in
recent publications [19, 20].
Neuropeptide precursors of Lepidocampa weberi (Diplura)
The neuropeptide and protein hormone precursors of a
single species, the dipluran Lepidocampa weberi, are
shown in Fig. 2. This species was selected since we iden-
tified nearly all of the above-mentioned neuropeptide/
protein hormone precursors, and most of the precursor
sequences were full-length. To our surprise, we could
not detect a PDF precursor, a finding that holds true for
all of the investigated diplurans. The sequences of most
of the predicted mature peptides showed typical features
known for the neuropeptides of pterygote insects.
However, two of the single-copy peptides, CCAP and
SIFa, exhibited substitutions within highly conserved se-
quence motifs (PFCNAFAGCa, NNVRKLPFNGSIYa).
Among the non-pterygote hexapods analyzed in this
study, these amino acid substitutions are only present in
L. weberi and the closely related Campodea augens
(Diplura). Interestingly, the derived dipluran CCAP is
also known from D. pulex [12]. In addition to the two
commonly occurring CCHa precursors, we found two
precursors of EH, ETH, natalisin, NPF and SK in L.
weberi. This indicates the presence of two genes for each
of the six precursors. We discovered splice variants only
for ITP.
Neuropeptide precursor sequences from 24 species of
non-pterygote hexapods, 3 myriapods, 3 crustaceans, and
the fruit fly
The complete sets of neuropeptide precursors for three
proturan species, nine collembolan species, four di-
pluran species, four species of Archaeognatha, and four
species of Zygentoma are listed in Additional file 1. Our
main reason for using the transcriptome data of species
from the 1KITE project was the exceptional coverage of
major lineages of non-pterygote hexapods in this project.
This enabled us to obtain a reasonable overview of the
evolution of neuropeptides within these lineages as well
as sufficient information regarding highly conserved se-
quences. In most cases, the sequence motifs of predicted
mature neuropeptides, the numbers of paracopies in
multiple-copy precursors, gene duplications and the oc-
currence of splice variants were observed to cluster
within the different non-pterygote hexapod lineages,
with significant leaps in the manifestation of such fea-
tures being observed between these taxa. We found only
a few indications of duplicated genes encoding single-
copy peptides, such as ACP, AKH, AST-C, AST-CC,
CCAP, CT-DH, CRF-DH, CCHa1, CCHa2, CNMa, cora-
zonin, elevenin, inotocin, ITP, MS, NPF, PDF, proctolin,
sNPF, SIFa, and trissin. The respective genes showing a
scattered occurrence within Protura, Diplura, Collembola,
Archaeognatha and Zygentoma comprise ACP, AKH,
AST-C, AST-CC, corazonin, ITP, MS, NPF, PDF, procto-
lin, SIFa, sNPF, and trissin. Notably, in Nipponentomon
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nippon (Protura), two precursors of each of the closely re-
lated ACP, AKH, and corazonin genes are present, which
is not the case in any other of the examined lineages. Only
NPF was found to exhibit two (occasionally three) precur-
sors in most species, whereas we identified 2–3 SIFa pre-
cursors and 2–5 ITP precursors (Tricholepidion 2,
Jordanathrix 4, Sminthurus 5) in at least a few species.
Two splice variants of ITP (ITP/ITPL) are common in
non-pterygote hexapods, as is typical of many arthropods
[21]. In addition, we found splice variants of orcokinins in
all collembolan species, in 3 out of 4 jumping bristletails
(Archaeognatha) and in all zygentoman species, but not in
any of the examined species of Protura and Diplura.
Comparison of the sequence conservation of single-
copy peptides in non-pterygote hexapods clearly showed
that these peptides present very different degrees of con-
servation (see Additional file 2). Proctolin and MS are
identical in all species, and the substitutions present in
corazonin and inotocin are restricted to one or two
amino acids, respectively. The sequences of AKH, PDF
and CCAP are slightly more variable, although the
observed amino acid substitutions are restricted to a
few positions within the respective peptides. CCAP
is generally highly conserved in arthropods but
shows distinct amino acid substitutions in Collembola
(e.g., TFCNAFTGCa); in a few cases, we even found
very unusual C-terminal extensions and deletions
(TFCNAFTGCAa, TFCNAFTGCQa, TFCNAF-GCQa).
Figure 3 illustrates the conserved sequence motifs
present in corazonin, AKH and ACP. The correspond-
ing genes likely developed independently from an an-
cient precursor gene, followed by gene duplications
[22]. For corazonin, AKH, and ACP, the conservation of
amino acid sequences differs remarkably among the
non-pterygote hexapods. In fact, the number of amino
acid substitutions within ACPs is comparable with the
substitutions observed in multiple-copy peptides such
as periviscerokinins (see Additional file 2). These differ-
ent ACP sequences are, however, not evenly distributed
within the non-pterygote hexapods. Protura, Diplura,
and Archaeognatha + Zygentoma each exhibit charac-
teristic ACPs that differ only in their penultimate
amino acids. In contrast, the eight collembolan species
Fig. 2 Lepidocampa weberi (Diplura) precursor sequences of putative
neuropeptides and selected protein hormones (bursicon, EH). In L.
weberi, the transcript sequences cover the full-length sequences of
most precursors; note the distinct novel CCAP sequence. We did not find
pigment-dispersing factor (PDF)-containing precursors in any proturan
and dipluran, but they were identified in all other non-pterygote
hexapods (i.e., Collembola, Archaeognatha, and Zygentoma).
Predicted signal peptides (highlighted in grey), amidation signals
(bold), cleavage signals (italics, bold), splice variants (a, b), and
supposedly bioactive mature peptides (underscored) are indicated.
Incomplete sequences are indicated with “…”
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show a basic pattern of ACP in which five amino acids,
including the penultimate amino acids, differ from
those observed in Protura, Diplura, Archaeognatha, and
Zygentoma. Longer single-copy peptides, such as NPF,
CRF-DH, trissin, ITP, and CT-DH, display even greater
sequence variability. This is also the case for the large
protein hormones bursicon and EH, which in a strict
sense are single-copy peptides as well. Bursicon and EH
show conservation mainly with regard to the positions
of the cysteines. Two eh genes are common in non-
pterygote hexapods. However, there are only single genes
encoding the protein hormone subunits bursicon-α and
bursicon-β. Similarly, a single itp gene is present in most
species, but itp expression generally results in at least two
splice variants.
In addition to the single-copy peptide precursors,
there are a number of precursors that contain at least
two paracopies of putative bioactive peptides, compris-
ing the precursors for AST-A, CAPA/PK, FMRFa, EFLa,
ETH, kinin, MIP, RYa, SK, TKRP, and natalisin. As ob-
served for the sequences of many predicted neuropep-
tides, the number of paracopies in precursor sequences
separates the springtails (Collembola) from the other
non-pterygote hexapods (Table 1). More precisely, the
Collembola contain the lowest number of paracopies of
AST-A, EFLa, ETH, kinin, MIP, RYa, TKRP, and
natalisin.
We complemented the list of precursor sequences
from non-pterygote hexapods with homologous se-
quences from three myriapod and two crustacean spe-
cies (transcripts from 1KITE), and we newly revised all
of the available genome data for D. pulex [23] and D.
melanogaster [24] (see Additional file 1). The genomes
of the last two species have been thoroughly analyzed for
neuropeptide genes and mature peptides (e.g., [2–4, 12]).
In general, 1KITE data provide comprehensive coverage
with respect to both the presence and length of precursor
sequences. In a few cases, available EST data from Xilbal-
banus tulumensis (Remipedia, [13, 14]) and Folsomia
candida (Collembola, [25]) were successfully applied to
complete the precursor sequences in these species.
Our datasets provide a first comprehensive survey of
the development of neuropeptide precursor sequences in
non-pterygote hexapods. We identified nearly all of the
examined neuropeptide precursors in Protura, Collem-
bola, Diplura, Archaeognatha, and Zygentoma. The
complete absence of a specific precursor was the excep-
tion rather than the rule, as observed for PDF in Protura
and Diplura, elevenin in Collembola, and CNMa in Pro-
tura and Collembola. In contrast, the peptidomes of D.
melanogaster and D. pulex lack a number of neuropep-
tides, such as kinin, trissin, PK and NPLP1 peptides, in
D. pulex, and ACP, AT, EFLa, elevenin and inotocin, in
D. melanogaster. Therefore, the compiled sequences of
the non-pterygote hexapods indicate that the neuropep-
tidomes of D. melanogaster and D. pulex each represent
a rather derived condition.
The capa/pk genes as an example of the rapid evolution
of a three-ligand gene
The presumed evolution of the CAPA/PK precursors of
non-pterygote hexapods provides particularly interesting
insights into the rapid evolution of a neuropeptide gene/
precursor (Fig. 4). Current knowledge about capa/pk
genes and their products suggests an ancient condition
in arthropods in which a single gene encodes two types
of neuropeptides (ligands with specific receptors each),
the periviscerokinins (PVKs) and pyrokinins (PKs). This
basic pattern (pattern A in Fig. 4) is typical of various
taxa of Myriapoda (this study) and occurs similarly in
Chelicerata [26]. However, the basic pattern found in
hexapods (pattern B in Fig. 4) consists of a single gene
Fig. 3 Sequence logos illustrating the different degrees of conserved sequence motifs in the neuropeptides of non-pterygote hexapods. The genes
encoding corazonin, AKH, and ACP likely developed independently from an ancient metazoan gene following gene duplications. Substitutions at
amino acid positions indicated with asterisks were found only in collembolan species. X, no amino acid occurring at this position
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showing a third putative ligand, the novel trypto-PK
(designation adopted from [20]). This type of PK appar-
ently co-evolved in hexapods with an emerging trypto-
PK receptor [27]. As we also identified such a trypto-PK
in the Remipedia, which are close, or the perhaps clos-
est, relatives of hexapods [13, 28], the evolutionary ori-
gin of this ligand likely occurred in a common ancestor
of Remipedia + Hexapoda. We found the pattern involv-
ing a single gene encoding three putative ligands (whose
respective receptors have been verified at least in D. mel-
anogaster, see [19, 29]) in all proturans and collembolans
and in some species of Archaeognatha (Fig. 4). We iden-
tified splice variants of capa/pk only in a number of col-
lembolan species. One transcript includes the complete
set of PVKs/trypto-PK/PKs, whereas a second transcript
encodes only PVKs and trypto-PK (pattern B1). Two
separate genes, considered typical of pterygote insects,
seem to have “suddenly” appeared in Diplura and
Zygentoma, likely as a result of gene duplications of
the original capa/pk genes (derived pattern C). Hence,
according to the phylogenetic relationships of non-
pterygote hexapods published by Misof et al. ([1];
Fig. 1), gene duplication and subsequent development
of discrete capa and pk genes occurred at least twice:
in Diplura and in Zygentoma. The CAPA precursors
of all dipluran species consistently include PVKs and
trypto-PK, whereas their PK precursors only comprise
PKs (pattern C1). We identified a slightly modified
pattern (pattern C2) in three zygentoman species. In
these species, the capa gene encodes PVK and trypto-
PK, as found in Diplura, but the pk gene encodes a
trypto-PK in addition to the PKs. Thus, both genes
have unique ligands (PVKs and PKs, respectively) but
share a gene-specific trypto-PK as the third potential
ligand. Finally, in a single species of Zygentoma (T.
domestica), additional PKs are encoded within the
capa gene (pattern C3), a situation that is typical of
many pterygote insects and closely resembles the ori-
ginal capa/pk gene of Hexapoda (pattern B). Whether
pattern C3 found in T. domestica is derived from pat-
tern C2 or directly from pattern B remains unclear.
However, peptidome analyses of capa products in the
American cockroach P. americana (Blattodea) and in
the red flour beetle T. castaneum indicate that the
PKs derived from CAPA precursors are not necessar-
ily processed as bioactive peptides, at least not in the
neuroendocrine systems [30]. Following gene duplica-
tion of the capa/pk gene, both novel genes underwent
extensive differentiation in different pterygote insect
lineages. This differentiation has resulted in divergent
expression patterns in different neurons [31], differen-
tial processing of CAPA precursors [32], loss of li-
gands such as PKs in capa genes [33], and trypto-PK
in pk genes [34], and additional genes encoding only
trypto-PKs (in locusts, Orthoptera; [20]). Thus, the
basis for this differentiation, which for example, en-
compasses the insect-specific regulation of water bal-
ance by CAPA-PVKs (see [29]) , most likely evolved
within the non-pterygote hexapods. This indicates
that there was obviously considerable evolutionary
pressure for the PVKs and PKs to be located in dif-
ferent genes or transcripts. Recent data suggest that
Table 1 Average number of paracopies with the uncorrected sample standard deviation (SN) in precursors with multiple-copy
peptides. Only full-length precursor sequences are considered; data without SN refer to a single complete precursor sequence. For
hexapod orders lacking full-length precursor sequences, the maximum number in a partial sequence is given in parentheses. Note,
that Collembola show the lowest number of paracopies by far
Protura Collembola Diplura Archaeognatha Zygentoma
AST A 14 ± 0.8 4.2 ± 0.9 12.5 ± 0.5 15.3 ± 1.7 18 ± 2.9
MIP 9 ± 1 5.3 ± 0.9 11 ± 0 9.5 ± 0.5 12.2 ± 1.1
CAPA/PK:
PVK 4 ± 0 3 ± 0 3.5 ± 0.5 4 ± 0 3 ± 1
trypto-PK 1 ± 0 1 ± 0 1 ± 0 1 ± 0 1.75 ± 0.4a
PK 3 ± 0 3.6 ± 1.1 4.5 ± 0.5 3.7 ± 0.4 1.7 ± 0.2
FMRFa 2 ± 0 3 ± 0 4 ± 0 7 ± 0.8 11.6 ± 2.9
TKRP 5 ± 0 3.6 ± 0.47 4.3 ± 0.9 8 9 ± 0
Natalisin 6 ± 0 2 3 (≥10) (≥9)
EFLa (≥18) 4.5 ± 0.5 9 ± 2.2 12 17.5 ± 0.5
Kinin 6.5 ± 0.5 4 ± 2.5 5 (≥20) (≥19)
RYa 1.3 ± 0.5 2 ± 0 3 ± 0 3 ± 0 3 ± 0
ETH 2 ± 0 1 ± 0 2 ± 0 2 ± 0 2
SK 2 ± 0 2.1 ± 0.3 2 ± 0 2 ± 0 2 ± 0
aseparate CAPA and PK precursors, usually with a single trypto-PK each
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two genes also evolved within particular decapod
crustaceans, likely independently from the hexapod
lineage. In at least the freshwater crayfish Procambarus
clarkii (Astacoidea), an unusual single-copy PVK-
encoding gene is accompanied by a second gene en-
coding many PKs [35]. On the other hand, a derived
pattern is also present in the D. pulex genome in the
form of a single gene encoding only PVKs [12].
Conclusions
Our results from analyses of the transcriptome data of a
total of 29 species including Protura, Collembola, Di-
plura, Archaeognatha, and Zygentoma as well as crusta-
ceans and myriapods, reveal the presence of
approximately 1,300 neuropeptide/protein hormone pre-
cursors. Some of these precursors represent splice vari-
ants of a single gene, as is typical of ITP/ITPL and
orcokinin A/B precursors. The identified precursor se-
quences assigned to 39 neuropeptide and protein hor-
mone genes include ACP, AKH, AST-A, AST-C, AST-CC,
AT, bursicon-α, bursicon-β, CAPA, CCAP, CCHa1,
CCHa2, corazonin, CNMa, CRF-DH, CT-DH, elevenin,
EH, ETH, FMRFa, inotocin, kinin, ITP, MIP, MS, natalisin,
NPF, NPLP1, orcokinin, PDF, proctolin, PK/PBAN, RYa,
SIFa, EFLa, SK, sNPF, TKRP, and trissin. Very few precur-
sors (PDF, elevenin, CNMa) were found to be completely
missing in Protura, Collembola or Diplura. For Archaeog-
natha and Zygentoma (the latter group is the closest rela-
tive of all winged insects, the Pterygota), we identified the
complete set of neuropeptide precursors. These data con-
firm that the previously reported absence of particular
neuropeptides in some insect lineages, the majority of
which are holometabolous insects [36], is an evolutionary
A
B
Fig. 4 Evolution of capa/pk genes. Transcript sequence data indicate
rapid evolution of the capa/pk gene(s) with the divergence of
Remipedia and the hexapods. This rapid evolution includes the
appearance of novel ligands, gene duplications, and subsequent
sorting of the three putative ligands in the resulting capa and pk
genes. The most derived pattern (pattern C3, Zygentoma) appears to
be typical of many insect taxa. For D. melanogaster, it has been verified
that PVK (yellow), PK (blue) and trypto-PK (green) each exhibit specific
receptors (see [19]). a Sequences of CAPA/PK precursors assigned to
different types with respect to the evolution of capa/pk genes. Pre-
dicted signal peptides (highlighted in grey), amidation
signals (bold), cleavage signals (italics, bold), splice variants (a, b), and
supposed bioactive mature peptides (underscored) are indicated.
Incomplete sequences are indicated with “…”. Peptidomic studies have
not been performed for any of these species. b Overview of the
putative evolution of capa/pk genes, as indicated by analyses of
transcript sequences. According to the phylogenetic relationships of
the non-pterygote hexapods (Fig. 1), gene duplication and subsequent
evolutionary development of discrete capa and pk genes must have
occurred at least twice, in Diplura and in Zygentoma. The evolution of
the type C3 pattern (Thermobia domestica, Zygentoma), which likely
also represents the basic pattern in winged insects (Pterygota), took
place either via the type C2 pattern or directly from the type B pattern
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trend that must have occurred after the divergence of
pterygote insects. The neuropeptide precursor sequences
depicted here clearly illustrate evolutionary trends, includ-
ing numerous modifications of sequences, gene duplica-
tions, splice variants, and numbers of paracopies. Specific
features cluster within well-described higher systematic
groups (Protura, Collembola, Diplura, Archaeognatha,
Zygentoma), but, in general, most of these features remain
within the limits of variation hitherto known from insects
[37]. Some of the predicted mature neuropeptides of col-
lembolans show unusual and characteristic features that
place this hexapod lineage in a separate position from the
other non-pterygote hexapods. Interestingly, the
crustacean X. tulumensis (Remipedia), and even D. pulex
(Branchiopoda), consistently show a more insect-like
peptidome.
Many of the predicted mature peptides likely share
conserved functions, or at least share conserved lig-
and/receptor interactions. However, several precursors
showed doubtful signal peptides. Cleavage sites are
also often not clearly predictable, which is apparently
always the case when differential processing of transcripts
occurs within different tissues of the same organisms.
Therefore, the identification of mature peptides, including
their possible posttranslational modifications, in non-
pterygote hexapods is the next, and a necessary step to
improve our knowledge about the basic pattern of neuro-
peptides and protein hormones to understand the evolu-
tion of such molecules in hexapods.
Methods
Ethics and legal statement
Data were obtained from a dataset originally created
within the framework of the 1KITE project. All research
completed during that study did not involve endangered
or protected species and conforms to the provisions of
the CITES guidelines. Specimens have been collected
and sequenced before October 2014.
RNA isolation, transcriptome sequencing and assembly
Identified specimens from different arthropod taxa were
collected and initially preserved in RNAlater. RNA isola-
tion, cDNA preparation, and transcriptome sequencing
were carried out as described in [1]. The assembly of raw
RNA-Seq reads was conducted with the program
SOAPdenovo-Trans-31 kmer, version 1.01 [38] to achieve
a de novo assembly of the transcripts. Low-quality reads
were removed from the raw data, including 1) reads con-
taining adapter contaminants (≥15 bp aligning with
adapter sequences with ≤ 3 mismatches); 2) reads with
>10 Ns (unreadable nucleotides); 3) reads with >50 bp of
low quality (Phred quality score = 2, ASCII 66 “B”, Illu-
mina 1.5+ Phred + 64). Next, all reads were broken into
31-mers to construct de Bruijn graphs, from which kmers
containing Ns were excluded. In the case of particular
kmers exhibiting more than 1 out-degree, the out-degrees
presenting an abundance of < 10 % of the most abundant
one were removed. Thereafter, linear kmers (i.e., kmers
with a single out-degree) were merged to form the edge,
and different edges were linked with arcs. Arcs showing an
abundance of < 5 % of the total out-degrees or < 2 % of the
total in-degrees were excluded. Edges with an average
abundance ≥ 3 and ≥ 1 were printed out as contigs for as-
sembly version 2 and assembly version 1, respectively.
Thereafter, all reads were anchored to contigs of ≥ 100 bp
to construct scaffolds using the paired-end information. Fi-
nally, all gaps in the scaffolds were filled using Gapcloser in
the SOAPdenovo package [39].
Search algorithms
We analyzed assembled transcript sequences from
non-pterygote hexapod species and from Xilbalbanus
(Speleonectes) tulumensis (Remipedia), Anaspides tas-
maniae (Malacostraca), Lithobius forficatus (Chilopoda),
Hanseniella sp. (Symphyla), and Eudigraphis takakuwai
nigricans (Diplopoda) using the tblastn algorithms imple-
mented in the program BioEdit [40]. Our tblastn search
was performed using assembly version e1. For all species
whose assembly version e1 had been released in the NCBI
database (Acerentomon sp., Anurida maritima, Tetrodon-
tophora bielanensis, Folsomia candida, Pogonognathellus
sp., Sminthurus viridis, Campodea augens, Occasjapyx
japonicus, Machilis hrabei, Meinertellus cundinamarcen-
sis, Tricholepidion gertschi, Thermobia domestica, Atelura
formicaria), we updated the corresponding sequences and
accession numbers. Additionally, we used the tblastn algo-
rithm implemented in the NCBI database to search for
partially missing neuropeptide precursor sequences of X.
tulumensis (Remipedia; JL) and F. candida (Collembola;
GAMN). Note that the assembly version e1 was the
source for all species; assignments of sequences not yet
been released are listed in Additional file 3.
We used sequences of known insect neuropeptides and
neuropeptide precursors as queries. Subsequently, we
translated all of the hits to the translational level with the
ExPASy translate tool ([41], http://web.expasy.org/trans-
late/). Signal peptides were predicted using the SignalP 4.1
server ([42]; www.cbs.dtu.dk/services/SignalP/). Putative
cleavage sites of mature peptides were manually assigned
based on the criteria of Veenstra [43] and our knowledge
of the peptidomes of several insect species. Data from the
genome of the fruit fly D. melanogaster were acquired
from FlyBase (http://flybase.org/), either via direct access
using gene names or CG numbers, or indirectly via the
use of inbuilt BLAST routines. Annotated D. melanogaster
polypeptides and their variants were downloaded and
compared with the provided GenBank protein accession
numbers. For the crustacean branchiopod D. pulex, we
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compared and updated previously published precursor
and transcript data [12] using inbuilt BLAST search rou-
tines with the most recent gene models in wFleaBase
(http://wfleabase.org/) and the JGI-Dappu1-Genome por-
tal (http://genome.jgi.doe.gov/pages/search-for-genes.js-
f?organism=Dappu1). The JGI-Dappu1-genome portal
provided the more comprehensive and reliable data
source. Hence, we updated several D. pulex genes (e.g., for
the novel natalisin gene and several others) in this JGI
portal. In Additional file 1, we therefore primarily provide
the Dappu1_xxx accession numbers: the corresponding
gene models are now essentially free of annotation errors
and have carefully been checked for the expressed pep-
tides, as previously identified in part through mass spec-
trometry [12]. In addition, if correct corresponding
sequences were found in the non-redundant GenBank
database (NCBI), the respective GenBank accession num-
bers are provided as well.
Sequence logo generation
Sequence logos of manually aligned homologous
neuropeptide sequences were generated using the tool
WebLogo version 2.8.2 ([44]; http://weblogo.berke-
ley.edu/logo.cgi). Each stack represents one position
in the multiple sequence alignment. The overall
height of a stack indicates the sequence conservation
at this amino acid position: the height of letters
within the stack indicates the relative frequency of
each amino acid at that particular position. For the
color scheme of amino acid residues, the default set-
tings were selected. In addition, the amino acid Cys is
colored in orange.
Availability of data and materials
The complete list of neuropeptide precursor sequences
is included as Additional file 1. The respective genomic
sequence records which were submitted to NCBI can be
found using the GenBank accession numbers as given in
Additional file 1.
Additional files
Additional file 1: List of prepropeptides. List of prepropeptides (precursor
sequences) from 24 non-pterygote hexapod species (Protura, Diplura,
Collembola, Archaeognatha, Zygentoma), 2 crustacean species and 3
myriapod species; these data are deduced from transcriptome sequence
assemblies obtained from the 1KITE project. The majority of prepropeptides
contain neuropeptides with known receptors in insects; receptors are not
known for the products of the elevenin, efl-amide, and orcokinin genes. In
addition, currently available and critically revised sequences from the
well-studied water flea Daphnia pulex (Branchiopoda) and fruit fly
Drosophila melanogaster (Diptera) are listed. The genomes of these
species were repeatedly screened for neuropeptide genes. Predicted
signal peptides (highlighted in grey), amidation signals (bold), cleavage signals
(italics, bold), splice variants (a, b), and supposed bioactive mature peptides
(underscored) are indicated. Incomplete sequences are indicated with “…”. In
some cases, sequences were reconstructed through the fusion of different
database entries, or by including sequences from 3'-UTR regions encoding
putative coding exons of a different splice form (see ITP). For a few Thermobia
sequences, PCR and RACE experiments were conducted (Derst C, Bläser M,
Predel R; unpublished results) to obtain full-length sequences; this information
is given subsequent to accession or JGI numbers. (DOC 1182 kb)
Additional file 2: Sequence logos of single-copy peptides. The logos
show the sequence variability in the single-copy peptides (<30 amino
acids) of non-pterygote hexapod lineages determined using WebLogo
version 2.8.2 (http://weblogo.berkeley.edu/). For species with two
described genes containing different mature neuropeptides, the more
conserved sequence was selected. CNMa was not found in Protura and
Collembola, while elevenin was not found in Collembola. Pigment-
dispersing factor (PDF) was not found in Protura and Diplura. For
comparative purposes, the sequence conservation of CAPA-PVK paracopies
was added as an example of multiple-copy peptides. A distinct core
sequence is obvious in all sequence logos. The N-terminal sequence motifs
are variable in a number of peptides, including SIFa, and this variability is
similar to that of the N-termini in the different PVK paracopies. (DOC 460 kb)
Additional file 3: Assignment of precursor sequences listed in Additional
file 1 (only sequences not released in NCBI yet). The original sequences
from assembly version 1 will be available upon request. (XLS 62 kb)
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
CD carried out tblastn searches in 1KITE data, critically reviewed the precursor
sequences and helped to draft the manuscript. HD updated sequence data of
Daphnia and Drosophila precursors and contributed to the manuscript. KM was
responsible for data collection from “basal” hexapods within 1KITE, coordinated
data accession, and contributed to the manuscript. XZ and SL were responsible
for the sequencing and transcriptome assembly of the raw sequence read data
and edited the manuscript. RP designed and coordinated the study, critically
reviewed the precursor sequences with predicted mature peptides and wrote
the manuscript. All authors read and approved the final manuscript.
Authors' information
Karen Meusemann, Xin Zhou and Shanlin Liu are members of the 1KITE
consortium (www.1kite.org)
Acknowledgements
We acknowledge the financial support of the Deutsche
Forschungsgemeinschaft (PR 595/10-1). We are grateful for the help of
Alexander Donath (ZFMK Bonn, Germany) for providing information on the
accession numbers of sequences we used from the 1KITE transcriptome
assemblies. Special thanks are due to the 1KITE consortium speakers
(Bernhard Misof, Karl Kjer, and Xin Zhou) and particularly to the members of
the “1KITE Basal Hexapod project” (www.1kite.org/subprojects.html) for
granting access to unreleased transcriptome assemblies from 15 species.
Author details
1Institute for Zoology, Functional Peptidomics Group, University of Cologne,
D-50674 Cologne, Germany. 2Department of Zoology, Stockholm University,
S-10691 Stockholm, Sweden. 3Center for Molecular Biodiversity Research,
Zoological Research Museum A. Koenig, D-53113 Bonn, Germany. 4Australian
National Insect Collection, CSIRO National Research Collections Australia,
ActonACT 2601 Canberra, Australia. 5China National GeneBank, BGI-Shenzhen,
Shenzhen, Guangdong Province 518083, China.
Received: 11 November 2015 Accepted: 15 February 2016
References
1. Misof B, Liu S, Meusemann K, Peters RS, Donath A, Mayer C, et al.
Phylogenomics resolves the timing and pattern of insect evolution. Science.
2014;346:763–7.
2. Baggerman G, Boonen K, Verleyen P, De Loof A, Schoofs L. Peptidomic
analysis of the larval Drosophila melanogaster central nervous system by
two-dimensional capillary liquid chromatography quadrupole time-of-flight
mass spectrometry. J Mass Spectrom. 2005;40:250–60.
Derst et al. BMC Evolutionary Biology  (2016) 16:51 Page 9 of 10
3. Predel R, Wegener C, Russell W, Tichy S, Russell D, Nachman R. Peptidomics
of CNS-associated neurohemal systems of adult Drosophila melanogaster: a
mass spectrometric survey of peptides from individual flies. J Comp Neurol.
2004;474:379–92.
4. Yew JY, Wang Y, Barteneva N, Dikler S, Kutz-Naber KK, Li L, et al. Analysis of
neuropeptide expression and localization in adult Drosophila melanogaster
central nervous system by affinity cell-capture mass spectrometry. J
Proteome Res. 2009;8:1271–84.
5. Li B, Predel R, Neupert S, Hauser F, Tanaka Y, Cazzamali G, et al. Genomics,
transcriptomics, and peptidomics of neuropeptides and protein hormones
in the Red Flour Beetle Tribolium castaneum. Genome Res. 2008;18:113–22.
6. Hummon AB, Richmond TA, Verleyen P, Baggerman G, Huybrechts J, Ewing
MA, et al. From the genome to the proteome: Uncovering peptides in the
Apis brain. Science. 2006;314:647–9.
7. Predel R. Peptidergic neurohemal system of an insect: mass spectrometric
morphology. J Comp Neurol. 2001;436:363–75.
8. Predel R, Eckert M, Pollák E, Molnár L, Scheibner O, Neupert S. Peptidomics
of identified neurons demonstrates a highly differentiated expression
pattern of FXPRLamides in the neuroendocrine system of an insect. J Comp
Neurol. 2007;500:498–512.
9. Clynen E, Schoofs L. Peptidomic survey of the locust neuroendocrine
system. Insect Biochem Mol Biol. 2009;39:491–507.
10. Ons S, Richter F, Urlaub H, Pomar RR. The neuropeptidome of Rhodnius
prolixus brain. Proteomics. 2009;9:788–92.
11. Christie AE, Chi M. Identification of the first neuropeptides from the
enigmatic hexapod order Protura. Gen Comp Endocrinol. 2015;
doi:10.1016/j.ygcen.2015.05.015. [Epub ahead of print]
12. Dircksen H, Neupert S, Predel R, Verleyen P, Huybrechts J, Strauss J, et al.
Genomics, transcriptomics, and peptidomics of Daphnia pulex
neuropeptides and protein hormones. J Proteome Res. 2011;10:4478–504.
13. von Reumont BM, Jenner RA, Wills MA, Dell’ampio E, Pass G, Ebersberger I,
et al. Pancrustacean phylogeny in the light of new phylogenomic data:
support for Remipedia as the possible sister group of Hexapoda. Mol Biol
Evol. 2012;29:1031–45.
14. Christie AE. Prediction of the first neuropeptides from a member of the
Remipedia (Arthropoda, Crustacea). Gen Comp Endocrinol. 2014;201:74–86.
15. Verlinden H, Vleugels R, Zels S, Dillen S, Lenaerts C, Crabbé K, et al.
Receptors for neuronal or endocrine signalling molecules as potential
targets for the control of insect pests. Adv Insect Physiol. 2014;46:167–303.
16. Jiang H, Lkhagva A, Daubnerová I, Chae HS, Šimo L, Jung SH, et al. Natalisin,
a tachykinin-like signaling system, regulates sexual activity and fecundity in
insects. Proc Natl Acad Sci USA. 2013;110:E3526–34.
17. Jung SH, Lee JH, Chae HS, Seong JY, Park Y, Park ZY, et al. Identification of a
novel insect neuropeptide, CNM and its receptor. FEBS Lett. 2014;588:2037–41.
18. Overend G, Cabrero P, Guo AX, Sebastian S, Cundall M, Armstrong H, et al.
The receptor guanylate cyclase Gyc76C and a peptide ligand, NPLP1-VQQ,
modulate the innate immune IMD pathway in response to salt stress.
Peptides. 2012;34:209–18.
19. Nässel DR, Winther AM. Drosophila neuropeptides in regulation of
physiology and behavior. Progr Neurobiol. 2010;92:42–104.
20. Veenstra JA. The contribution of the genomes of a termite and a locust to
our understanding of insect neuropeptides and neurohormones. Front
Physiol. 2014;5:454.
21. Dircksen H. Insect ion transport peptides are derived from alternatively
spliced genes and differentially expressed in the central and peripheral
nervous system. J Exp Biol. 2009;212:401–12.
22. Hauser F, Grimmelikhuijzen C. Evolution of the AKH/corazonin/ACP/GnRH
receptor superfamily and their ligands in the Protostomia. Gen Comp
Endocrinol. 2014;209:35–49.
23. Colbourne JK, Pfrender ME, Gilbert D, Thomas WK, Tucker A, Oakley TH, et al.
The ecoresponsive genome of Daphnia pulex. Science. 2011;331:555–61.
24. Adams MD, Celniker SE, Holt RA, Evans CA, Gocayne JD, Amanatides PG,
et al. The genome sequence of Drosophila melanogaster. Science.
2000;287:2185–95.
25. Faddeeva A, Studer RA, Kraaijeveld K, Sie D, Ylstra B, Mariën J, et al.
Collembolan transcriptomes highlight molecular evolution of hexapods
and provide clues on the adaptation to terrestrial life. PLoS One.
2015;10(6):e0130600.
26. Veenstra JA, Rombauts S, Grbić M. In silico cloning of genes encoding
neuropeptides, neurohormones and their putative G-protein coupled
receptors in a spider mite. Insect Biochem Mol Biol. 2012;42:277–95.
27. Cazzamali G, Torp M, Hauser F, Williamson M, Grimmelikhuijzen C. The
Drosophila gene CG9918 codes for a pyrokinin-1 receptor. Biochem Biophys
Res Commun. 2005;335:14–9.
28. Regier JC, Shultz JW, Zwick A, Hussey A, Ball B, Wetzer R, et al. Arthropod
relationships revealed by phylogenomic analysis of nuclear protein-coding
sequences. Nature. 2010;463:1079–83.
29. Davies SA, Cabrero P, Povsic M, Johnston NR, Terhzaz S, Dow JA. Signaling
by Drosophila capa neuropeptides. Gen Comp Endocrinol. 2013;188:60–6.
30. Neupert S, Derst C, Sturm S, Predel R. Identification of two capa cDNA
transcripts and detailed peptidomic characterization of their peptide
products in Periplaneta americana. EuPA Open Proteomics. 2014;3:195–205.
31. Wegener C, Reinl T, Jänsch L, Predel R. Direct mass spectrometric peptide
profiling and fragmentation of larval peptide hormone release sites in
Drosophila melanogaster reveals tagma-specific peptide expression and
differential processing. J Neurochem. 2006;96:1362–74.
32. Choi MY, Köhler R, Vander Meer RK, Neupert S, Predel R. Identification and
expression of capa gene in the fire ant, Solenopsis invicta. PLoS One.
2014;9:e94274.
33. Köhler R, Predel R. CAPA-Peptides of Praying Mantids (Mantodea). Peptides.
2010;31:377–83.
34. Meng X, Wahlström G, Immonen T, Kolmer M, Tirronen M, Predel R, et al.
The Drosophila hugin gene codes for myostimulatory and ecdysis
modifying neuropeptides. Mech Dev. 2002;117:5–13.
35. Veenstra JA. The power of next-generation sequencing as illustrated by the
neuropeptidome of the crayfish Procambarus clarkii. Gen Comp Endocrinol.
2015;224:84–95.
36. Hauser F, Neupert S, Williamson M, Predel R, Tanaka Y, Grimmelikhuijzen CJ.
Genomics and peptidomics of neuropeptides and protein hormones
present in the parasitic wasp Nasonia vitripennis. J Proteome Res.
2010;9:5296–310.
37. Wang Y, Wang M, Yin S, Jang R, Wang J, Xue Z, et al. NeuroPep: a
Comprehensive Resource of Neuropeptides. Database. 2015;2015:bav038.
38. Xie Y, Wu G, Tang J, Luo R, Patterson J, Liu S, et al. SOAPdenovo-Trans: De
novo transcriptome assembly with short RNA-Seq reads. Bioinformatics.
2014;30:1660–6.
39. Luo R, Liu B, Xie Y, Li Z, Huang W, Yuan J, et al. SOAPdenovo2: an
empirically improved memory-efficient short-read de novo assembler.
GigaScience. 2012;1:18.
40. Hall TA. BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucl Acids Symp Ser. 1999;41:95–8.
41. Artimo P, Jonnalagedda M, Arnold K, Baratin D, Csardi G, de Castro E, et al.
ExPASy: SIB bioinformatics resource portal. Nucleic Acids Res. 2012;40:W597–603.
42. Petersen TN, Brunak S, von Heijne G, Nielsen H. SignalP 4.0: discriminating
signal peptides from transmembrane regions. Nat Methods. 2011;8:785–6.
43. Veenstra JA. Mono- and dibasic proteolytic cleavage sites in insect
neuroendocrine peptide precursors. Arch Insect Biochem Physiol.
2000;43:49–63.
44. Crooks GE, Hon G, Chandonia JM, Brenner SE. WebLogo: a sequence logo
generator. Genome Res. 2004;14:1188–90.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Derst et al. BMC Evolutionary Biology  (2016) 16:51 Page 10 of 10
